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MANY STUDIES POINT TOWARD A CRITICAL ROLE of visceral adipose tissue in the development of obesity-associated insulin resistance and ultimately type 2 diabetes mellitus. True visceral adipose tissue (i.e., adipose tissue that is in close proximity to the intra-abdominal viscera) is characterized and defined by its drainage via the portal vein into the liver. In obesity, exaggerated portal/hepatic delivery of free fatty acids (FFAs) and proinflammatory cytokines results in hepatic insulin resistance and metabolic deterioration constituting the "portal theory" (2, 6, 8, 9, 18) . However, in many studies involving rodents mainly perigonadal (epididymidal) fat pads are assessed to determine biological function of adipose tissue due to its easy accessibility and anatomic landmark. Although perigonadal white adipose tissue (WAT) is located intra-abdominally, it is drained systemically via the inferior vena cava, whereas mesenteric WAT is drained via the portal vein (19) . Nevertheless, perigonadal adipose tissue is often categorized as visceral adipose tissue, thereby implying similar function and regulation (3, 7, 12, 16) .
Lipolysis is controlled by a complex of different lipases and regulatory proteins interacting with lipase activity (1) . Among the latter perilipin, comparative gene identification-58 and lately the protein product of the G 0 /G 1 switch gene 2 (G0S2) were identified. G0S2 interacts directly with the adipose tissue triglyceride lipase (ATGL) to attenuate triglyceride hydrolase activity (23) . Interestingly, G0S2 expression was reduced significantly in perigonadal adipose tissue of db/db and high-fat diet (HFD)-fed wild-type mice, and overexpression of G0S2 in perigonadal fat reduced basal lipolysis. Thus, G0S2 may contribute to ATGL-mediated lipolysis in perigonadal WAT.
In contrast with previous studies where metabolic functions of different systemically drained fat depots were compared (perigonadal vs. inguinal; Refs. 3, 7, and 12), the aim of the present study was to better characterize lipolysis and the role of G0S2 in portally drained mesenteric fat tissue and to compare it with the perigonadal (epididymidal) fat depot in mice fed either a standard chow or a HFD.
MATERIALS AND METHODS
Animals. Six-to eight-week-old male C57BL6JOlaHsd mice were fed ad libitum with standard rodent diet (chow) or HFD (D12331; Research Diets, New Brunswick, NJ) for 8 wk. HFD consisted of 56% calories derived from fat, 28% from carbohydrate, and 16% from protein. Body weight of the two groups was similar at initiation of the HFD [21.2 Ϯ 0.3 (chow) vs. 20.8 Ϯ 0.4 g (HFD), P ϭ 0.4]. Mice were fasted for 5 h prior to euthanization. All protocols conformed to Swiss animal protection laws and were approved by the Cantonal Veterinary Office in Zurich, Switzerland.
To generate transgenic mice overexpressing G0S2 specifically in adipose tissue, the murine G0S2 cDNA sequence (Genbank NM_008059) was subcloned into a pBluescript II SK(ϩ) vector containing a 5.4-kB adipocyte fatty acid binding protein (aP2) promoter and a poly(A) tail (Addgene). G0S2 was PCR-amplified to add a 5= Kozak sequence along with NotI and SmaI restriction enzyme cut sites on the 5= and 3= ends, respectively. The Kozak-G0S2 sequence was inserted downstream of the aP2 promoter and upstream of the poly(A) tail using the NotI and SmaI restriction sites. The completed aP2-G0S2-poly(A) construct was confirmed by sequencing. Through the University of Michigan Transgenic Animal Model Core, the transgene fragment was released by SalI digestion, purified, and microinjected into fertilized eggs of C57BL/6J mice. Tail DNA genotyping revealed that seven independent transgenic founder lines were obtained, of which five lines underwent successful germline transmission.
Intraperitoneal glucose and insulin tolerance test. Mice were injected intraperitoneally with 2 g/kg body wt glucose after overnight fasting or 1 IU/kg body wt human insulin after a 3-h fast, as described previously (11) . Blood glucose concentration was measured with a Glucometer (Accu-Check Aviva; Roche Diagnostics, Rotkreuz, Switzerland) with blood from tail-tip bleedings. Area under the curve (AUC) was calculated as changes from zero.
Determination of plasma leptin and insulin. Blood was sampled in overnight-fasted (14 h) animals. Plasma leptin levels were determined using a mouse LINCOplex kit from Linco Research (Labodia, Yens, Switzerland). Plasma insulin levels were measured as described previously (11) .
Viability assessment and cell size determination. Adipocytes were isolated, and viability was determined with an LDH assay, as described previously (21) , with the following adaptation: mesenteric adipocytes were isolated by collagenase digestion for 30 min (digestion period for mesenteric adipose tissue was reduced by 15 min since it has an increased surface/volume ratio compared with perigonadal adipose tissue) and perigonadal adipocytes for 45 min. Aliquots of isolated adipocytes were used to determine mean cell diameters. Photographs of isolated adipocytes were taken in the haematocytometer, and images were analyzed using ImageJ software for quantification (National Institutes of Health, Bethesda, MD). At least 100 adipocytes per animal were analyzed.
Lipolysis assays. Lipolysis was assessed in isolated adipocytes or fat explants as indicated. Isolated adipocytes were incubated in the absence or presence of 100 nM insulin or 1 M isoproterenol (Sigma, Buchs, Switzerland) for 1 h. FFA levels were measured using the ACS-ACOD-MEHA method from Wako Chemicals (Neuss, Germany). Glycerol content of the incubation medium was determined using a colorimetric assay, as described (22) . FFA and glycerol were determined in portal and systemic blood sampled from mice fasted for 5 h.
Determination of cytokines. Isolated adipocytes were incubated for 1 h, as described above. Cytokines released into the incubation medium were determined with a Milliplex MAP kit (Millipore, Zug, Switzerland).
Western blotting. Cell lysates and tissue samples were homogenized, and Western blotting was performed as described previously (22) . The following primary antibodies were used: anti-perilipin A was purchased from MBL (Woburn, MA), and anti-ATGL, antihormone-sensitive lipase (HSL), and anti-phospho-HSL were purchased from Cell Signaling Technology (Beverly, MA). Anti-G0S2 was raised as described previously (23) . Membranes were exposed in an Image Reader and analyzed with Image Analyzer (FujiFilm, Dielsdorf, Switzerland). One of the perigonadal samples (chow-fed) was loaded on every gel and was used as a reference band for quantification; i.e., all bands on a membrane were normalized to the expression levels of this sample.
RNA extraction and quantitative RT-PCR. Total RNA was extracted using RNeasy Lipid Tissue Mini Kit (Qiagen, Basel, Switzerland), and concentration was determined with a nanodrop (spectrophotometer); 0.5 g of RNA was reverse transcribed with Superscript III Reverse Transcriptase (Invitrogen, Basel, Switzerland) using random hexamer primer (Invitrogen). Taqman (Applied Biosystems, Rotkreuz, Switzerland) was used for real-time PCR amplification. The following PCR primers (Applied Biosystems) were used: ATGL Mm00503040_m1, HSL Mm00495359_m1, and perilipin Mm00558672_m1. Relative gene expression was obtained after normalization to 18s RNA (Applied Biosystems), using the formula 2 Ϫ⌬⌬Cp (17) .
Total liver lipid determination. Liver tissue (20 -30 mg) was homogenized in PBS, and lipids were extracted in a chloroformmethanol (2:1) mixture. Total liver lipids were determined by a sulfophosphovanillin reaction, as described previously (10) .
Data analysis. Statistical analyses were performed using Student's t-test or by analysis of variance with a Tukey correction for multiple group comparisons. P values Ͻ0.05 were considered significant.
RESULTS

HFD-induced increase in fat pad weight differs among perigonadal and mesenteric fat depots.
Eight weeks of HFD led to significant changes in metabolic parameters and total liver lipid levels in male C57BL6J mice compared with chowfed animals ( ·min Ϫ1 ), P Ͻ 0.001; Fig. 1A ]. Under HFD, fat pad weight was higher in both depots analyzed; however, relative weight increase was significantly higher in perigonadal compared with mesenteric fat pads (Fig. 1B) . Similarly, mean adipocyte diameter increased in both depots (Fig. 1, C and D) , but again, increase was lower in adipocytes of mesenteric compared with adipocytes of perigonadal origin (Fig. 1D) . However, HFD did not affect adipocyte number in the two examined fat pads (Fig. 1E) , suggesting that HFD initiated a predominantly hypertrophic expansion of adipose tissue that was less pronounced in mesenteric compared with perigonadal fat.
To verify that the lower increase in cell size in mesenteric fat was not a consequence of a higher artifactual loss of large mesenteric adipocytes during isolation, we assessed release of lactate dehydrogenase (LDH) to the medium. Whereas higher LDH release was observed in adipocytes isolated from HFDfed compared with chow-fed mice, no difference was found between mesenteric and perigonadal adipocytes. In fact, LDH release tended to be lower in adipocytes isolated from mesenteric fat pads (Fig. 1F) .
Increased basal lipolysis in mesenteric compared with perigonadal adipocytes isolated from chow-fed mice. To evaluate lipolysis, concentrations of FFA and glycerol were determined in the incubation medium. In chow-fed mice, basal FFA release per cell was significantly higher in mesenteric compared with perigonadal adipocytes (Fig. 2A) . Similar results were obtained for glycerol release (Fig. 2A) . As expected, 8 wk of HFD led to an increase in basal lipolysis in perigonadal adipocytes. Interestingly, however, there was no increase in basal FFA and glycerol release in adipocytes isolated from mesenteric fat pads of HFD-compared with chow-fed mice ( Fig. 2A) . To have a functional readout for stimulated lipolysis, we assessed the ability of isoproterenol to induce release of FFAs. In chow-fed mice, stimulation with isoproterenol led to 's t-test) . and an assumptive adipose tissue density of 0.9 kg/l. Results are means Ϯ SE of 4 -8 independent experiments. F: viability of isolated adipocytes was determined by an LDH release assay. Results are means Ϯ SE of 4 -9 independent experiments. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001 (Student's t-test). a higher fold increase in FFA release in perigonadal compared with mesenteric adipocytes (Fig. 2B) , whereas under HFD, lipolysis upon ␤-adrenergic stimulation was similar in both fat depots (Fig. 2B) . Similar results were obtained for glycerol release (Fig. 2B) . Basal lipolysis values obtained in these experiments are as shown in Fig. 2A (HFD) ]. In adipocytes isolated from chow-fed animals, the effect of insulin to inhibit lipolysis was significantly higher in perigonadal compared with mesenteric adipocytes (Fig. 2C) . Moreover, the ability of insulin to inhibit lipolysis was blunted under HFD in perigonadal adipocytes, whereas there was no further deterioration of the antilipolytic effect in mesenteric adipocytes (Fig. 2C) . Thus, our results suggest that the inhibitory effect of insulin on lipolysis varies between the two fat depots. Moreover, lipolysis is differently regulated between the differentially drained perigonadal and mesenteric fat depots in chowand HFD-fed mice.
Similar FFA concentrations in portal blood of chow-and HFD-fed mice.
To have an in vivo readout for basal lipolysis as observed in Fig. 2A , FFA levels were determined in systemic and portal blood of chow-and HFD-fed mice. Whereas highfat feeding led to an ϳ45% increase in FFA levels in systemic circulation, FFA levels in portal blood were comparable between chow-and HFD-fed mice (Fig. 2D) . Although systemic FFA levels are influenced by both the release and uptake of fatty acids from different fat depots and tissues, it is mentionable that changes in circulating FFA levels under HFD are paralleled by changes in basal lipolysis, i.e., increased basal lipolysis in systemically drained perigonadal fat pads compared with unchanged lipolysis in portally drained mesenteric fat tissue.
Increased expression of perilipin and G0S2 in perigonadal compared with mesenteric adipose tissue of chow-fed mice. To better understand differences in basal lipolysis, expression of lipases and regulatory proteins was determined in mesenteric and perigonadal WAT. In chow-fed mice, protein levels and mRNA expression of ATGL and HSL (Fig. 3, A and B) were slightly decreased in mesenteric compared with perigonadal WAT. Moreover, phosphorylation of HSL at Ser 563 (a residue that is phosphorylated by protein kinase A and therefore leads to increased lipolysis) was reduced significantly in mesenteric compared with perigonadal WAT of chow-fed mice (Fig. 3C) 660 , a mechanism that is required for the translocation of HSL from the cytosol to the lipid droplet (4) . Although phosphorylation of HSL at the latter two sites was not assessed in this study, our data suggest that increased basal lipolysis in mesenteric compared with perigonadal adipocytes of chow-fed mice cannot be explained by increased lipase expression/activation. Expression/content of the lipid droplet-coating protein perilipin is inversely correlated with lipolysis (20) . Both perilipin mRNA expression and perilipin protein content were lower in mesenteric compared with perigonadal WAT of chow-fed mice, although the difference was significant only in the latter (Fig. 3D) .
Recently, G0S2 was identified to directly interact with ATGL to attenuate its triglyceride hydrolase activity (23) . In perigonadal WAT, there was a trend toward reduced G0S2 protein levels due to HFD (Fig. 4A) , as was reported previously (23) . In contrast, protein content of G0S2 was increased in mesenteric WAT of obese and insulin-resistant mice (Fig. 4A) . Moreover, in chow-fed animals, G0S2 protein levels were significantly higher in perigonadal compared with mesenteric WAT. Thus, basal lipolysis in mesenteric adipocytes is negatively associated with G0S2 protein content. To support a role of G0S2 expression in the regulation of basal lipolysis in mesenteric adipose tissue, adipocyte-specific G0S2-overexpressing mice were used. These mice are ϳ15% heavier than wild-type control mice due to a 2.1-fold increased fat mass, as assessed by EchoMRI examination. Moreover, they have improved glucose tolerance and insulin sensitivity, as revealed by glucose tolerance test, insulin tolerance test, and metabolic chamber studies. In addition, overall triglyceride lipase activity is reduced by 30 -40% in fat extracts. As shown in Fig. 4B , G0S2 protein levels were increased in mesenteric adipose tissue of these mice. Moreover, basal glycerol release from mesenteric adipose tissue of G0S2-overexpressing mice was significantly reduced compared with wild-type mice (Fig. 4C) , further supporting a role for G0S2 in the regulation of basal lipolysis in mesenteric adipose tissue.
DISCUSSION
In contrast with previous studies, which assessed mainly differences between perigonadal and inguinal fat depots, the aim of the present study was to compare lipolysis between two different intra-abdominal fat depots, namely between the systemically drained perigonadal and the portally drained mesenteric adipose tissue. Of note, differences in basal lipolysis were most obvious in lean mice and probably reflected differences in metabolic turnover between the two depots. As expected, lipolysis increased in perigonadal adipocytes under HFD. In contrast, FFA and glycerol release from mesenteric adipocytes, as well as portal FFA concentration, was not significantly different between lean and obese mice. At first glance, such observation seems to contradict the "portal theory" (2, 6, 8, 9) . However, increased release of proinflammatory cytokines into portal circulation may play a more crucial role in the development of hepatic insulin resistance than increased FFA release (2, 22) . Indeed, published evidence supports an important role for portal IL-6 as well as IL-1␤ in the induction of hepatic insulin resistance (15, 18) . Likewise, IL-6 release from isolated mesenteric but not perigonadal adipocytes of HFD-compared with chow-fed mice was increased significantly (Fig. 5A) , whereas IL-1␤ concentrations were below the detection limit. In addition, there was a trend toward increased proinflammatory monocyte chemoattractant protein-1 and decreased antiinflammatory IL-10 release from mesenteric adipocytes isolated from HFD-fed mice (Fig. 5, B and C) .
Recently, G0S2 was identified to inhibit lipolysis via direct interaction with the triglyceride hydrolase activity of ATGL (23) . Consequently, G0S2 protein levels correlated negatively with lipolytic activity. Herein, we could confirm such correlation, since decreased G0S2 protein levels in mesenteric compared with perigonadal WAT from chow-fed mice paralleled higher basal lipolysis in mesenteric adipocytes. Interestingly, high-fat feeding led to an increase in G0S2 levels in mesenteric adipose tissue, whereas they were decreased in perigonadal adipose tissue, as was reported previously for the latter (23) . Consistent with increased G0S2 protein expression, basal lipolysis in mesenteric adipocytes did not increase in mice fed a fat-enriched diet despite increased ATGL mRNA expression and protein levels. The latter finding is in accord with the notion that FFA concentration was similar in portal plasma samples of chow-and HFD-fed mice despite increased mesenteric fat pad weight. Moreover, overexpression of G0S2 in mesenteric WAT reduced basal lipolysis in chow-fed mice, supporting a role of G0S2 in the regulation of basal lipolysis in mesenteric adipose tissue.
The lipid droplet-coating protein perilipin is an important regulator of triacylglycerol hydrolysis, and its absence in adipocytes led to elevated basal lipolysis, whereas adrenergicstimulated lipolysis was attenuated (20) . As expected, perilipin protein levels in adipocytes of chow-fed mice were negatively associated with basal lipolysis; i.e., increased basal lipolysis in mesenteric adipocytes was paralleled by decreased perilipin content. Similar to a recent study showing a significant downregulation of perilipin protein levels in perigonadal adipocytes after 8 wk of HFD (3), we observed a decrease in perilipin protein levels in perigonadal WAT in HFD-fed mice, which was paralleled by increased lipolysis. On the other hand, HFD led to a slight increase in perilipin expression and protein levels in mesenteric adipocytes, matching decreased FFA release. Therefore, different regulation of perilipin in examined intraabdominal fat depots may be at least partly responsible for observed differences in lipolysis. Of note, observed differences in lipolysis and gene expression/protein content of adipose tissue were assessed after a 5-h fasting period. Possibly, different time points and/or durations of fasting might have affected obtained results (5, 14) .
Interestingly, most of the observed differences between perigonadal and mesenteric adipose tissue in chow-fed mice (basal lipolysis, insulin-inhibited lipolysis, perilipin and G0S2 protein levels) diminished under HFD. Hence, although perigonadal adipocytes are not indicative for HFD-induced changes in mesenteric adipocytes, they might nevertheless be good representatives of portally drained adipocytes in the HFD state for the parameters assessed, i.e., lipolysis. Although there is mesenteric adipose tissue in humans (visceral fat), no fat depot paralleling perigonadal WAT exists in men, and hence, the uniqueness of perigonadal fat in rodents was highlighted (19) . The results presented here further support such uniqueness; lipolysis and cytokine secretion were different between perigonadal and mesenteric adipocytes. However, it is difficult to compare differences observed in this study to human studies, where most often metabolism of subcutaneous and visceral adipocytes is investigated. Nevertheless, similar to the results presented in this study, human visceral adipocytes were shown to be less sensitive to the antilipolytic effect of insulin compared with retroperitoneal adipocytes (13) . In contrast, basal lipolysis increased in human visceral adipose tissue under obesity (24) , whereas it did not change in murine visceral adipocytes between chow-and high fat-fed mice.
In conclusion, lipolysis is differently regulated between systemically drained perigonadal and portally drained mesen- teric fat pads. These depot-specific differences in intra-abdominal fat might be explained by altered regulation of G0S2 and/or perilipin content.
